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Three unrelated chromosome 2q14.1–14.2 region translocations caused the split hand/foot limb mal-
formation development in humans by an unknown mechanism. Their etiology was described by the
autosomal dominant inheritance with incomplete penetrance genetic model although authors stated,
“the understanding of the genotype-to-phenotype relationship has been most challenging”. The con-
undrums are that no mutation was found in known genes located at or near the translocation break-
points, some limbs were malformed while others were not in the same patient and surprisingly
breakpoints lie at relatively large distance of more than 2.5 million bases to have caused disorder-causing
gene mutations in a single gene. To help understand translocations etiology for limb development, we
invoke the selective DNA strand/chromatid-speciﬁc epigenetic imprinting and segregation mechanism
employed by the two highly diverged ﬁssion yeasts to produce daughter cells of different cell types by
mitosis. By this mechanism, an anterior- and posterior-limb-tissues-generating pair of daughter cells is
produced by a single deterministic cell dividing in the anlagen of the limb bud. Accordingly, mal-
formation develops simply because translocations hinder the proper distribution of chromatid-speciﬁc
epialleles of a limb developmental gene during the deterministic cell′s mitosis. It is tempting to speculate
that such a mechanism might involve the HOXD-cluster genes situated centromere-distal to the trans-
location breakpoints many million bases away at the 2q31.1 region. Further genetic tests of the hy-
pothesis are proposed for the human and mouse limb development. In sum, genetic analysis of trans-
locations suggests that the sequence asymmetry of strands in the double-helical DNA structure of a
developmental gene forms the physical basis of daughter cells' developmental asymmetry, thus opposing
the morphogen-gradient research paradigm of limb development.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Background
“The two big problems – the nature of development and the
nature of mind – are being subdued. I don't know whether there
will be beautiful, general theories to come out of this – something
really nice like Watson and Crick's double helix – or whether there
will be an accumulation of more and more details. I’ll confess to a
secret hope for the former (Crow, 2000).”
Limb development has been one of the most active areas ofaccess article under the CC BY-NC
alformation; Chr., chromo-
lective sister chromatid seg-
/posterior limb tissues fates-
gene epiallele; OFF, epigen-developmental biology research spanning more than 100 years
(reviewed in Zeller et al., (2009)). The morphogen gradient model
(Wolpert, 1969) has been the primary paradigm used for guiding
research for limb and other organs development during embry-
ogenesis. Limb development involves cell growth regulation, cell-
type differentiation and cell death by a series of signaling cascades,
such as the sonic hedgehog signaling, the bone morphogenetic
and the ﬁbroblasts growth factors pathways. How these molecular
mechanisms originate only in speciﬁc cells and act temporally in
time and space in developing tissues of the limb bud are not un-
derstood, as a result, this system continues to be a very active area
of research aimed at discovering embryonic developmental me-
chanisms. Little is known about how development of different cell
types and tissues are coordinated to form an organ, such as the
limb. As one of the approaches, spontaneously arising human
mutations affecting limb development have been exploited as a
target of research for deciphering developmental mechanisms. For-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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225300), also referred to as ectrodactyly, is a prominent congenital
defect in limb digits formation. It consists of a spectrum of limb
malformations of distal portions of the hand/foot due to a deep
median cleft, missing digits and bones, such as the split hand/foot
long-bone deﬁciency (SHFLD) malformation. For our discussion
here these malformations will be collectively referred to as the
SHFM disorders. They occur in about 1 in 18,000 births and most
cases are sporadic in nature of unknown etiology (Czeizel et al.,
1993). Also, much variability in the malformation phenotype ex-
ists, and inexplicably, some limbs are malformed while others are
not in the same genetically predisposed individual.
A long history of research on limb developmental anomalies
has revealed at least six loci, mutations of which are thought to
cause the developmental disorder in humans (reviewed in (Babbs
et al., 2007; Bernardini et al., 2008; David et al., 2009; Elliott and
Evans, 2006; Scherer et al., 1994; Sowinska-Seidler et al., 2014; van
Silfhout et al., 2009)). These loci represent several chromosomes
(Chr.): SHFM1 maps on Chr. 7q21 (MIM 183600); SHFM2 on Chr.
Xq26 (MIM 313350); SHFM3 on Chr. 10q24 (MIM 600095); SHFM4
on Chr. 3q27 (MIM 605289), and SHFM5 on Chr. 2q31.
This perspective is limited to addressing the puzzling genetic
behavior of another locus represented by three Chr. 2q14.1–q14.2
regions balanced translocations involving three other chromo-
somes. A patient with SHFLD carried a de novo chromosomal
translocation t(2;18)(q14.1;p11.2), and all limbs were affected
(Babbs et al., 2007). A proband carried a de novo reciprocal t(2;11)
(q14.2;q14.2) translocation where only the feet were malformed
(David et al., 2009). Another de novo t(2;4)(q14.1;q35) transloca-
tion was associated with the SHFM disorder where only the feet
were affected (Corona-Rivera et al., 2000; David et al., 2009). Be-
cause the pathogenesis of SHFM/SHFLD syndrome caused speciﬁ-
cally by Chr. 2 translocations is not understood (Babbs et al., 2007;
Corona-Rivera et al., 2000; David et al., 2009; Duijf et al., 2003),
this topic comprises the subject of this perspective paper. Here we
advocate the selective chromatid segregation mechanism, pre-
viously researched and discovered to operate in two ﬁssion yeasts,
for controlling spatial and temporal regulation of gene expression
required for limb development. In short, a new hypothesis is
proposed for how a genetic mechanism could impact a puzzling
birth defect syndrome and the role of chromatid segregation in
developmental biology, with SHFM as one of the major examples
is described.2. The genetic mechanisms of SHFM caused by Chr. 2 translo-
cations remain elusive
Because all three translocations involve Chr. 2 and the Domi-
nant hemimelia mouse mutation causing SHFM map to a Chr.
1 region syntenic with humans 2q14.2 region, this region was
proposed to represent the SHFLD locus in humans (Babbs et al.,
2007). However, David and colleagues (David et al., 2009) were
surprised to ﬁnd that the breakpoints of three translocations
mapped as far as 2.5 megabases (Mb) apart at the 118.4 Mb (q14.1)
and 120.9 Mb (q14.2) regions of Chr. 2. The second surprise was
that none of the breakpoints of all three translocations disrupted a
known gene, and third, no clear pathogenic mutations were
identiﬁed in any of the genes located near the breakpoints (Babbs
et al., 2007; David et al., 2009). The fourth surprise was that some
limbs in translocation carriers were malformed while others were
unaffected even within the same individual. Thus, inexplicably, the
mutation formally acts dominant to the wild type gene in some
limbs but recessive in others. In the studies cited above, 8 limbs of
the translocation-harboring persons were malformed while
4 were unaffected. These studies hypothesized that the separationof long-range, cis-acting regulatory elements by translocations
causes the disruption of precise quantitative expression of one or
more genes at the breakpoint region and/or that the breakpoints
affected the function of different genes at or near each breakpoint
to cause malformation. However, the mechanisms of altered gene
dosage by Chr. 2 translocations remain to be deﬁned. Moreover,
except for the cases of the p63 transcription factor′s mutations of
the SHFM4 locus, factors causing SHFM in the majority of patients
concerning other loci remain poorly understood via the prevailing
morphogen gradients research paradigm (Duijf et al., 2003; Kou-
wenhoven et al., 2010; Sowinska-Seidler et al., 2014).
The genetic model of autosomal dominant inheritance with
incomplete penetrance has best described the variable phenotypes
of translocations (Babbs et al., 2007; David et al., 2009). We focus
our analysis here to explain the molecular basis of the unexplained
features of this model. These features include the presumed mu-
tation's dominance to the wild-type gene in some limbs but not in
others (i.e., incomplete penetrance), the absence of ﬁndings of
gene mutations located at or near breakpoints and the separation
of breakpoints by a relatively large distance of 2.5 Mb to have af-
fected a single locus to cause the disorder. Since there is a sig-
niﬁcant conservation of biological mechanisms operating in the
research model yeast organisms with those of metazoans, such as
of mitosis, meiosis, epigenetic processes and the like, for limb
development we therefore consider the chromosome-based epi-
genetic mechanism that we have discovered to produce sister cells
of two different cell types in the haploid Schizosaccharomyces
pombe and Schizosaccharomyces japonicas ﬁssion yeasts (reviewed
in Klar et al. (2014)). This mechanism was subsequently advanced
for explaining the visceral organs left–right axis development in
mice (Klar, 1994) and for brain hemispheric laterality development
in humans (Klar, 2002). This mechanism is advanced here to de-
velop a molecular mechanism for Chr. 2 translocations etiology of
the SHFM disorder. Deciphering the mechanism of limb mal-
formations is hoped to further deﬁne the biology of limb devel-
opment in humans and other animals, and additionally, it should
help guide future research on development of diploid and multi-
cellular organisms at large.3. The somatic selective strand/chromatid-speciﬁc Imprinting
and selective chromatid segregation (SSIS) mechanism ad-
vanced for producing anterior- and posterior-fated limb pro-
genitor sister cells at a deterministic asymmetric cell division
in the limb bud
The discoveries of gene-silencing phenomenon in budding
yeast Saccharomyces cerevisiae that identiﬁed the founding mem-
ber MAR1/SIR2/Sirtuin gene for epigenetic control (Klar, 2010; Klar
et al., 1979), epigenetic differentiation of sister chromatids at the
mating-type locus in two evolutionarily diverse ﬁssion yeasts
((Klar, 1987, 1990; Yu et al., 2013); reviewed in Klar et al. (2014)),
the cell-type-regulated selective versus random Chr. 7 chromatids
segregation phenomenon of mouse cells (Armakolas and Klar,
2006), and the discovery of autosomal chromatids selective seg-
regation phenomenon in Drosophila (Sauer and Klar, 2013 ; Ya-
dlapalli and Yamashita, 2013) have formed the basis for proposing
the SSIS mechanism (Fig. 1). Yeasts execute cell-autonomous de-
velopmental decisions in individual cells, but it remains unknown
whether limb bud cells acquire their developmental fates as in-
dividual cells or as groups of cells (Zeller et al., 2009). Motivated to
understand the molecular basis of Chr. 2 translocations etiology,
we expand here on the idea that the initial cell-fate determination
occurs by developmentally regulated asymmetric cell division of a
single deterministic cell dividing in the anlagen of the limb bud
through the SSIS mechanism (Fig. 1). Accordingly, asymmetric
Fig. 1. Diagrammatic representation of the hypothetical SSIS mechanism proposed
to produce anterior- and posterior-limb tissue-generating unequal daughter cells.
The mechanism is based on differences of the sequence of DNA bases and the
chemical polarity of the arbitrarily designated “Watson” (W) and “Crick” (C) strands
of DNA (Watson and Crick, 1953) and their inherently asymmetric (leading- versus
lagging-strand) mode of replication of the hypothetical ANTerior/posterior tissues-
specifying developmental gene (named ANT1). As a result, epigenetically unequal
daughter chromatids are generated at the ANT1 gene for both Chr. 2 homlogs in the
speciﬁc cell. The mechanism presents the following seven postulates: (1) the SSIS
mechanism operates only at a single deterministic cell division required for each
limb development; (2) the deterministic cell carries the ANT1 gene in the epigen-
etically silenced (OFF) “epiallelic” state on both Chr. 2 homologs; (3) the ANT1 gene
is located centromere-distal to all three Chr. 2 translocation breakpoint regions;
(4) the ANT1 gene is primed to be activated (ON) in the future daughter cell and/or
its derivatives during the replication of the template W strand-containing chro-
matid, while it remains silenced (OFF) in the template C strand-containing sister
chromatid: this concept is named here as the monochromatid expression of a
single gene; (5) the deterministic cell divides in a speciﬁc way such that both W
template strand-containing chromatids, derived from both homologs, are selec-
tively segregated to the lineage-destined daughter cell to be placed at the anterior
location in the developing limb bud, as a result, both C template strand-containing
chromatids are segregated to the other daughter cell to be placed in the posterior
location; (6) a hypothetical segregation factor operates at the centromere (in-
dicated by the horizontal arrow) to cause indicated mode of selective chromatid
segregation in mitosis; and (7) such a fate-distributing polarized asymmetric cell
division always occurs with precision with respect to the nearby located cells of
predetermined or co-determined for other limb axes. Overall, the SSIS mechanism
invokes two unrelated concepts of the monochromatid expression of a single gene
and their non-random, selective chromatid segregation in mitosis. To precisely
describe the second concept, a new term of W,W::C,C segregation was coined to
indicate selective co-segregation of strands/chromatids/chromosomes to speciﬁc
daughter cells, where W or C refer to the speciﬁc strand that was used as a template
during chromatid replication (Armakolas and Klar, 2006, 2007; Klar, 2004). Also, to
simplify the description of a segregation mode, each DNA strand is deliberately
drawn as a straight line rather than as a helix; the blue colored line represents the
template W strand, and the red line represents the template C strand, and the gray
line represents a strand synthesized in the present replication cycle. Because cer-
tain multicellular organisms, such as male bees, wasps and ants, properly develop
from their haploid genomes, the selective segregation phenomenon likely operates
separately but similarly on the two Chr. 2 homologs in humans.
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altered for gene expression of a crucial limb developmental gene
(i.e., ANT1 deﬁned in Fig. 1 legend), is suggested to produce
daughter cells with different developmental fates. The primary
defect in the pathogenesis of SHFM disorders may involve ante-
rior/posterior and/or proximal/distal tissues growth while the
development of the other two axes remains unaffected. Alter-
natively, limb bud axes speciﬁcation may be concomitantly es-
tablished in time and space during embryogenesis, as suggested
(Zeller et al., 2009). Regardless of how different axes developmentis coordinated, the SSIS mechanism is invoked here to operate in a
deterministic cell division, whereby one daughter cell inherits the
fate for producing anterior limb tissues while its sister cell inherits
the fate for producing posterior limb tissues. Once a daughter cell
is endowed with a speciﬁc fate, activation of a distinct cascade of
fate-speciﬁc transcriptional pathways is proposed to occur in it
and its progenies leading to sequential steps of cellular differ-
entiation, possibly through multiple, locally acting, self-regulatory
limb-bud signaling systems that function during subsequent limb-
bud growth (reviewed in Zeller et al. (2009)). In other words, gene
regulation might be accomplished by specifying cell lineages at the
beginning of the embryonic development and at the beginning of
speciﬁc organs to be followed by gene regulation occurring by
mechanisms involving signaling interactions of cells of different
cell type. For reasons of technical difﬁculties, it has not been yet
determined where an asymmetric cell division occurs in the limb
bud that emerges from the trunk of the embryo that progressively
elongates into fully developed appendage.
It is the mother cell that endows each daughter cell with a
speciﬁc developmental program through the cell-intrinsic SSIS
mechanism (Fig. 1). Note that the SSIS mechanism can also dictate
symmetric cell division by executing an alternative selective seg-
regation mode, named the W,C::W,C mode (Armakolas and Klar,
2006, 2007; Klar, 2014b; Klar, 2015). Thus, this mechanism ex-
plains the biological basis of producing a bipotential cell capable of
making a binary asymmetrical (Fig. 1) versus symmetrical (not
shown in Fig. 1) alternative developmental choices by devel-
opmentally varying the chromatid segregation mode. The term of
somatically installed strand-speciﬁc imprint is invoked to indicate
differential expression of a developmental gene residing on sister
chromatids of both paternal and maternal chromosomes and
therefore it has a different meaning from that of the usually used
term indicating differential expression of parent-of-origin speci-
ﬁed maternal versus paternal chromosomal genes. Importantly,
the SSIS mechanism is designed to explain the origin of heritable
variability of gene regulation of sister chromatids in all-or-none
fashion such that the ANT1 gene of a W strand-containing chro-
matid is potentiated for full expression in the daughter cell and/or
its future progeny, while that of the C strand-containing chromatid
is silenced. Since limb development normally occurs with robust
precision, generation of the ON and OFF gene expression epige-
netic states must relate to each other in mutually exclusive and
complementary relationship. To achieve such a precision, both
types of epialleles are likely produced by the single DNA replica-
tion step. This situation is akin to monoallelic expression when
only one of the two copies of the gene residing on homologous
chromosomes is expressed, but SSIS concerns differential expres-
sion of the same gene of sister chromatids.
We propose that the gene expression asymmetry of sister
chromatids originates from the DNA strands bases com-
plementarity and their replication history in the present replica-
tion cycle. As a result of SSIS, the daughter cell inheriting the
ANT1ON/ ANT1ONconstitution (i.e., the ON/ON epiallelic state) is
endowed with the anterior tissue-generating developmental pro-
gram, whereas its sister cell that inherits the ANT1OFF/ ANT1OFF
(OFF/OFF epialleles) defaults to the posterior tissue developmental
program (Fig. 1). Because each step of embryonic development
advances the immediately prior developmental step, therefore a
mutation of a speciﬁc step would expectedly confer the default
phenotype of the prior developmental state to the mutant. To note
such a precedent, the Foxj1 gene, normally required for advancing
the left-sided visceral organs developmental program, defaults to
the right-sided organs developmental program in the mutant
mouse embryos (Tamakoshi et al., 2006). Such differential ex-
pression of the ANT1 gene in sister cells through epigenetic me-
chanism might be mitotically propagated faithfully and it could
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stream-regulated events for limb development during subsequent
growth. Indeed, transcriptionally active versus inactive epigenetic
states of a gene in a diploid cell were observed to propagate mi-
totically for over 30 cell divisions as classic Mendelian genetic
markers in S. pombe (Grewal and Klar, 1996; Thon and Friis, 1997)
whereby the “Mendel’s gene is more than a DNA moiety” (Klar,
1998).4. SSIS invoked to explain genetics of the Chr. 2 translocations
etiology
The SSIS mechanism operates on a speciﬁc chromosome,
therefore, only the Chr. 2 chromatids are subject to the selective
segregation phenomenon by the W,W::C,C segregation factor that
operates at the centromere (Fig. 1). This is because the sister
chromatid segregation process is chromosome- and cell-type-
speciﬁc, as ﬁrst discovered in mouse cells (Armakolas and Klar,
2006; Armakolas and Klar, 2007). We also hypothesize that the
ANT1 gene is located centromere-distal to all three Chr. 2 translo-
cation breakpoints whose unexplained genetic behavior we wish
to explain here (Fig. 2). By hypothesis, the centromeres of trans-
location chromosomes are not subject to the selective segregation
process. Therefore, ANT1 epialleles located on translocation chro-
mosome will be randomly segregated to daughter cells (Fig. 2). As
a consequence, a healthy limb would develop when, by chance,
both ON/ON epialleles are segregated to one daughter cell and
both silenced OFF/OFF epialleles to the other daughter cell (Fig. 2),
just as it happens normally (Fig. 1). And by an equal chance, when
the ON/OFF epiallelic constitution is delivered to both daughter
cells in translocation carriers, the ANT1 gene product dosage level
in each daughter cell is either lower than the threshold level re-
quired for proper anterior tissue differentiation (i.e., haplo-in-
sufﬁciency) and/or both daughter cells inherit the equivalentFig. 2. Diagrammatic representation of the random chromatid segregation hy-
pothesized to occur for Chr. 2 translocations. Chromatids of the intact Chr. 2 follow
selective segregation mode, as described in Fig. 1, however, translocation chro-
mosomes would segregate by the random mode because their centromeres are not
subject to the selective segregation process. To depict the speciﬁc segregation
mode, the speciﬁc DNA-replication-template strands of Chr. 2 are diagrammed as
red or blue lines, while those of the translocations partner chromosomes are co-
lored black. An asymmetric cell division should produce healthy limb while a
symmetric cell division should cause SHFM malformation, as indicated. All other
details are same as those deﬁned in Fig. 1.developmental potential to cause limb malformation. To note
partially analogous haplo-insufﬁciency gene function situations
(although involving conventional genes mutations rather that
epialleles distribution phenomenon proposed in the SSIS me-
chanism), heterozygous mutations of the p63 transcription factor
are associated with SHFM (Kouwenhoven et al., 2010) and het-
erozygous mutations of rad51 cause mirror hand movement dis-
order in humans (Klar, 2014b).
Since some limbs develop malformation while others do not
within the same individual, each limb clearly develops in-
dependently from others, and also, whether a limb is malformed
or not will depend on the type of chromatid segregation that had
occurred in its limb bud. Accordingly, SSIS mechanism explains
both the autosomal dominant and the incomplete penetrance
features of the genetic model proposed earlier (Babbs et al., 2007;
David et al., 2009) by a novel molecular mechanism (Fig. 2). Also,
this mechanism explains why pathogenic mutations were not
found in known genes located at or near the breakpoints because a
gene mutation is not the cause of malformation development.
Moreover, the difﬁculty of explaining translocation breakpoints
separated by a relatively large distance of about 2.5 Mb to cause
the same malformation is resolved because translocations are not
causing gene mutations. In contrast to the SSIS based explanation,
the alteration of gene regulation by the long-range, cis-acting gene
expression control was postulated previously to explain the
etiology of the distantly located translocation breakpoints (Babbs
et al., 2007; David et al., 2009). Our analysis, however, does not
allow us to formally rule out the unlikely possibilities of three
different unknown genes having been affected by three different
translocation breakpoints to each cause the same malformation.
Despite this caveat, we surmise that translocations have likely
disrupted the normally selective segregation of the ANT1 gene's
epialleles in mitosis to cause malformation of some limbs but not
of others due to random distribution of translocations chromatids.
The SHFLD malformation is thought to result from developmental
anomalies of the tissues of the proximal/distal axis (Babbs et al.,
2007), whereas other SHFM malformations are thought to result
from anomalies of the anterior/posterior axis development (David
et al., 2009; Zeller et al., 2009). As mentioned above, both axes′
limb defects are collectively treated here as SHFM malformations
originating from the anomalies of the generic SSIS mechanism
(Fig. 2).5. Tests of the SSIS mechanism for limb development
Concerning the Chr. 2 translocations etiology of SHFM, the
authors noted, “the understanding of the genotype-to-phenotype
relationship has been most challenging” (Babbs et al., 2007; David
et al., 2009). We have therefore addressed the unexplained genetic
behavior of translocations by invoking the SSIS mechanism to help
guide future research on limb development. Most cases of SHFM
are sporadic, and, because they are congenital in nature, they are
clearly of biological origin but of unknown etiology (Czeizel et al.,
1993). Rather than malformations arising from conventional gene
mutations and/or through exposure of the developing fetus to
unknown environmental factors, we hypothesize that sporadic
cases could arise as a result of the loss of one of the two differ-
entiated sister cells by apoptosis and/or by spontaneous rare so-
matic recombination events that could have occurred in the in-
terval between the centromere and the ANT1 gene in G2 phase of
the cell cycle in the deterministic cell (Fig. 1). In a study incon-
sistent with the mutation hypothesis, no mutation was found in
four potentially candidate genes (GLI2, INHBB, BALB and FLJ14816)
lying in proximity to the Chr. 2q breakpoints in 44 sporadic cases
(Babbs et al., 2007; David et al., 2009). A convenient test of the
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zygosis of chromosomal arms in the cells of the affected limb by
interrogating single-nucleotide polymorphisms located near the
tips of all chromosomes. Homozygosis of a relevant chromosome
in the malformed limb tissues but not in the healthy limb tissues,
both obtained from the same individual, would provide support to
the SSIS hypothesis. Moreover, should limb development also re-
quire a similar epigenetic regulation of genes located on other
chromosomes, the SSIS mechanism could also operate there as
well. In this context, we note that similar questions addressed here
for the Chr. 2 translocations etiology have been raised for the ge-
netics of Chr. 7 where genetically inherited SHFM cases result
predominantly from chromosomal rearrangements rather than
from conventional gene mutations (Kouwenhoven et al., 2010;
Merlo et al., 2002; van Silfhout et al., 2009). We plan to advance a
similar hypothesis proposed here for the Chr. 2 translocations
etiology for the Chr. 7 etiology in a future communication.
Limb development mechanisms have been best researched in
the mouse experimental system. As noted above, the human Chr.
2q14.2 breakpoints region coincides with the mouse Chr. 1 synte-
nic region where the Dominant hemimelia (Dh) limb malformation
mutation is located (Hughes et al., 1997). Deﬁned translocations of
Chr. 1, which can be experimentally produced by the Lox/Cre-
mediated chromosomal recombination approach, should provide
researchers with a powerful system to scrutinize the validity of the
SSIS mechanism for limb development of mice. Experimentally
inverting the centromere of the mouse Chr. 1 could also provide
research material for another genetic test of the SSIS mechanism
where heterozygous mice are predicted to develop SHFM with
complete penetrance. Interestingly, the human SHFM5 locus, de-
ﬁned by several Chr. 2q31.1 regions deletions located centromere-
distal to Chr. 2q14 translocation breakpoints, includes the HOXD-
cluster genes (Theisen et al., 2010). We raise a possibility of that a
gene of the HOXD genes cluster might comprise the hypothesized
ANT1 gene. Validity of this hypothesis can be scrutinized by ge-
netically engineering translocations of the analogous HOX genes
cluster in the mouse model system. The SSIS model predicts that
such chromosomal rearrangements should cause SHFM develop-
ment in mice, and if they do not, the model for limb development
involving either the HOX genes or the SSIS mechanism will be
falsiﬁed.
Although validity and details of the SSIS mechanism for limb
development (Fig. 1) remain to be worked out by future studies,
we surmise here that the analysis of translocations provides con-
siderable genetic support for the SSIS mechanism. To promote this
direction for future research, it is worthwhile to brieﬂy touch on
studies of diverse organisms that have provided support for sev-
eral features of this mechanism. What is remarkable is that the
well-studied neuronal left–right asymmetry in the nematode
worm results from decisions made at the time of the very ﬁrst cell
division in the embryo (Lobikin et al., 2012) and by producing
results satisfying developmental predictions of the SSIS mechan-
ism (Sauer and Klar, 2012). Moreover, it is clear that mouse cells
establish cell fates by following speciﬁc cell lineage histories, even
during the very early stages of embryogenesis. For example, even
four-cell stage mouse embryos are shown to contain devel-
opmentally nonequivalent blastomeres, as demonstrated with the
multicolor Rainbow lineage tracing technique (Tabansky et al.,
2013). In contrast, the popularly held belief is that early mouse
embryonic cells are totipotent, but that is only because cells ac-
quire such a fate by de-differentiating in response to experimental
perturbations. Collectively, such studies favor the developmental
mechanism in which cell-fate determination occurs by following
the speciﬁc cell lineages determined temporally in time and space
during embryogenesis, as stipulated in the SSIS mechanism for
developmental pattern formation.6. The SSIS mechanism also invoked to explain the mechanism
of other genetically caused congenital developmental disorders
found in diverse organisms
This perspective presents discussion of a genetic mechanism
that should be examined in a number of instances of puzzling
developmental defects. The SSIS mechanism explains how to ad-
vance the developmental program in one of the two ways; one is
by generating developmentally nonequivalent daughter cells, and
other, by generating equivalent daughter cells during speciﬁc
stages in embryogenesis and during tissue homeostasis. Thus, this
cell-biological SSIS mechanism is proposed to produce a bipoten-
tial progenitor cell at speciﬁc stages in development. Asymmetric
cell division in ﬁssion yeast occurs through the chromatid differ-
entiation/segregation mechanism based on strand′s DNA sequence
asymmetry and the lagging- versus leading-strand replication of
the speciﬁc chromatid (Klar et al., 2014). Motivated by discoveries
of the phenomenon of monochromatid expression of a single gene
in yeast cells and of selective chromatids segregation in mouse
cells, we invoked the SSIS mechanism to explain the etiology of
human schizophrenia and bipolar disorders, which develop with
50% penetrance in persons carrying Chr. 11 balanced translocations
(Klar, 2004). In this case also, breakpoints are spread very far apart
spanning over 40% of the length of the Chr. 11 q arm. Likewise, the
SSIS mechanism was invoked to explain random laterality devel-
opment of visceral organs, as well as of the 50% embryonic leth-
ality rate found in the left–right dynein gene mouse mutants: there
the dynein is suggested to function as the chromatid segregation
factor (Armakolas and Klar, 2007; Klar, 2008; Sauer and Klar,
2012); the left–right neuronal asymmetry of the nematode worm
(Sauer and Klar, 2012); the 50% penetrance rate of congenital
mirror hand movement disorder development due to rad51/RAD51
heterozygous constitution in humans, where RAD51 functions as
the segregation factor (Klar, 2014b); and the random left–right
lateralization of the red- versus black-colored wing spot pigmen-
tation phenotype in the “Piebald” (i.e., two-colored) gene mutant
of the Bruchus quadrimaculatus beetle, where the uncharacterized
Piebald gene product functions as the segregation factor (Klar,
2015). These examples reveal that the SSIS mechanism possibly
operates in diverse phyla varying from ﬁssion yeasts (Klar, 1987,
1990; Klar et al., 2014) to invertebrates (Klar, 2015) and higher
vertebrates (Klar, 2008, 2014a,b; Sauer and Klar, 2012). Discover-
ing the operation of SSIS mechanism in very diverse organisms
lends considerable support to this relatively new principle of de-
velopmental biology. This communication is directed for devel-
opmental biologists interested in research of developmental bio-
logical and cellular differentiation mechanisms and for their
evolution.
In the studies enumerated above, the SSIS mechanism was in-
voked as a theoretical concept to explain the genetic basis of
preexisting congenital developmental disorders of diverse organ-
isms that had been described in literature and whose biological
bases had not been understood by applying the conventionally
followed morphogen gradient research paradigm. We note that
where ever the SSIS mechanism was invoked, only one or two
features of the mechanism (Fig. 1) could be addressed in each
study, so, the SSIS mechanism is far from having been established
in any organism other than in ﬁssion yeasts. Indeed, technical
difﬁculties of not knowing which cell and which chromosome to
monitor, experimentally testing the existence of such a mechan-
ism has not been possible in higher organisms. Facing this difﬁ-
culty, in all the cases enumerated above we have exploited the
results of experiments of nature consisting of preexisting muta-
tions affecting laterality development in diverse organisms and we
proceeded from there to propose events leading to the altered
phenotypes. As summarized in this communication, evidence from
A.J.S. Klar / Developmental Biology 408 (2015) 7–1312different studies collectively provides accumulating support for
the SSIS mechanism to have been conserved in the phylogeneti-
cally diverse organisms. Therefore, it will be worthwhile to direct
future research moving deeper to deﬁne mechanistic details of
several features proposed in the SSIS mechanism (Fig. 1) by de-
signing experiments to test its predictions, such as those proposed
in the previous section.
Regardless of the precise mechanism of selective chromatid
segregation, the key takeaway message from the SSIS mechanism
is that the double-helical structure of DNA (Watson and Crick,
1953) itself provides the physical basis of cellular differentiation
and cell lineage determination required for the eukaryotic devel-
opment. It is concluded here that both features of inherent DNA
strand sequence differences and the immediate replication history
contribute to epigenetic differentiation of sister chromatids. Thus,
DNA′s helix structure itself constitutes the physical basis for gen-
erating regulated asymmetric versus symmetric cell divisions es-
sential for development. At least for the examples enumerated
above, this conclusion has perhaps fulﬁlled the secret hope of Dr.
James F. Crow, a famous geneticist of our time, quoted at the be-
ginning of this paper who pondered about the nature of the de-
velopment mechanism (Crow, 2000): it′s the DNA double helix
structure itself!
To remove the common misconception, the SSIS mechanism is
conceptually very different from the Immortal stand hypothesis,
which posits biased pangenomic co-segregation of strands of the
entire genome as a mechanism to avoid inheriting potentially
cancer-causing DNA replication errors that are presumably made
by stem cells during their division (reviewed in Huh et al. (2013)).
Instead, SSIS concerns monochromatid expression of a single gene
plus selective chromatid segregation in mitosis and both phe-
nomena have been evolutionarily selected strictly to accomplish
cellular differentiation through developmentally regulated epige-
netic processes functioning at developmental loci. Because it
functions only in mitotic cells to generate speciﬁc variants of
heritable gene regulation required for cellular differentiation, this
new developmental biology SSIS principle contrasts, yet does not
conﬂict, with the classical genetic Mendelian laws which instead
concern with the inheritance of gene mutation-caused variance
through meiosis. Overall, SSIS provides a conceptual framework
for understanding how cellular diversity required for development
is produced in somatic cells and this genetic concept complements
those concepts characteristic of classical Mendelian genetics.7. The morphogen model is inconsistent with the SHFM′s
translocations etiology
A Turing-type reaction-diffusion mechanism (i.e., the mor-
phogen model) is mostly believed to underlie digit patterning in
mouse limb buds. We support and further advance the genetic
model of autosomal dominant inheritance with incomplete pe-
netrance, which had been proposed previously for describing the
Chr. 2 translocations etiology for the SHFM disorder in humans
(Babbs et al., 2007; David et al., 2009). However, this model does
not bear on the very important question of whether the mor-
phogen model constitutes the overall mechanism of limb devel-
opment. As stated at the beginning of this paper, the morphogen
gradient model, ﬁrst proposed in 1969 (Wolpert, 1969), has un-
doubtedly provided the primary paradigm for guiding research on
eukaryotic embryogenesis. Indeed, it was originally advanced as a
theoretical concept to explain tissue's pattern formation in the
limb. However, the concept has remained a controversial, not
veriﬁed, yet widely believed model of developmental biology at
large. To point out such a prominent case, the visceral organs in
vertebrates develop asymmetrically such that the heart is placedon the left side of the body and the structures of the left and right
lungs differ greatly. Similar to limb developmental research un-
derway for many decades, left–right developmental mechanisms
have been under very active investigation for decades, and to date,
their mechanisms have remained controversial (Klar, 2008; Sauer
and Klar, 2012; Vandenberg and Levin, 2010, 2013). We surmise
that the morphogen model is insufﬁcient to explain the genetic
etiology of Chr. 2 translocations and that the SSIS mechanism is
more parsimonious than the standard morphogen model for limb
disorder development. Regarding the general morphogen model,
we notice that the original proponent of this “French-ﬂag model”
has lately dismissed it by stating that “Diffusible gradients are out”
and that “gradients are too messy” (Richardson, 2009). Hence, in
addition to continuing ongoing research, alternative research-
guiding paradigms, such as the SSIS mechanism presented here,
should be explored to understand limbs and other organs devel-
opment that usually occur with robust precision.Author contributions
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